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ABSTRACT 
This research was conducted to analyze the flexural and tensile 
strengths of steel and polypropylene fiber hybrid concrete composite. The 
concrete used in fabrication of flexural beams and tensile cylinders 
consisted of type I portland cement, fine aggregate, and 3/4 inch coarse 
aggregate. 
Hooked steel fiber with an aspect ratio of 100 and volume fraction of 
1.0% in conjunction with collated and fiberlated polypropylene fiber with 
volume fractions of 0.1, 0.2, and 0.3 percent was utilized. The center point 
loading and splitting tensile test methods were used to determine flexural 
and tensile strengths of concrete composite. 
The Scanning Electron Microscope (SEM) was utilized to evaluate the 
micro cracks and crack arresting properties of fiber in the matrix. The 
Energy Dispersive Spectrometer (EDS) was used to examine the interfacial 
bond between steel/poiypropylene fiber and concrete matrix. The EDS was 
also utilized to explore the presence of crystalline growth on the fiber 
surface and in the matrix. 
The investigation involved 56 beams and 56 cylinders each divided 
into eight groups. Eight separate and distinct test groups were prepared for 
flexural test. Each group consisted of seven test beams each having 
dimensions of 3 inches (77 mm) by 3 inches (77 mm) by 20 inches 
(510 mm) in length. Eight separate and distinct test groups were prepared 
for the splitting tensile test. One standard size cylinder 3 inches (77 mm) 
in diameter and 6 inches (153 mm) in length was used with seven cylinders 
per test series. A total of 56 beams and 56 cylinders were produced, the 
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first test group was used as the control group and consisted of plain 
concrete. The second test group (A) was conventional steel fiber reinforced 
concrete having a fixed volume fraction of 1.0 percent steel fiber. The 
third, fourth, and fifth test groups (B, C, D) were conventional 
polypropylene fiber reinforced concrete having a 0.1, 0.2, and 0.3 percent 
polypropylene fiber by volume fraction respectively. 
The sixth, seventh and eight groups (E, F, G) were steel/polypropylene 
fiber hybrid reinforced concrete having 1.0 percent steel fiber and 0.1, 0.2, 
0.3 percent polypropylene fiber by volume fraction respectively. 
The average flexural and tensile strengths of group A which contained 
1.0% steel fiber were 27% and 41% higher than the control group. The 
average flexural strength of group B which contained 0.1% polypropylene 
fiber was shown to decrease by 3.4 percent from the control group. The 
flexural strength of group D which contained 0.3% polypropylene fiber was 
also approximately 3 percent less than the control group. 
The largest reduction (-13%) in flexural strength between all groups 
was more visible in group C which contained 0.2% polypropylene fiber. 
The average tensile strength of groups B, C, and D which contained 
0.1, 0.2, and 0.3 percent polypropylene fiber respectively were reduced 
from 5% in group C to 8% in group D. The largest reduction (-8%) in 
tensile strength between all groups was more visible in group D which 
contained 0.3% polypropylene fiber. 
The flexural and tensile strengths of hybrid groups were higher than 
conventional concrete. The maximum flexural and tensile strength was 
obtained in the case of beams and cylinders with 1.0% steel and 0.2% 
polypropylene fiber hybrid. The ultimate flexural and tensile strength in 
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concrete beams and cylinders was 49% and 77% higher than conventional 
concrete. 
Resistance to sudden failure of flexural beams and tensile cylinders 
was improved due to the addition of fiber into the matrix. The scanning 
electron micrographs revealed the crack arresting properties of fiber in the 
matrix and fiber pullout phenomena. The energy dispersive spectroscopy 
revealed that there are no chemical bonds between the fiber and the 
concrete matrix. The only bonds existing in this environment were of a 
mechanical nature. 
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CHAPTER I: INTRODUCTION 
The use of fibers to reinforce brittle construction materials such as 
sunbaked bricks is not new. Straw and horse hair was used by the ancient 
civilizations to reinforce bricks and plaster. 
Concrete which is a mixture of cement paste and aggregates is used 
extensively in almost all types of building structures. 
An unreinforced concrete base matrix is basically brittle possessing 
little flexural and tensile strength compared to compressive strength. 
Because of the inherent brittleness of concrete, fibers are added to 
improve the tensile and flexural strength of the conventional concrete. 
Fiber reinforced concrete (FRC) is made by mixing portland cement, 
aggregates, and water with randomly dispersed fibers of short length and 
small diameter of steel, glass, polypropylene, polyethylene, carbon, 
asbestos, or organic fibers. 
The use of fibers in concrete is gaining increased importance in the 
construction industry and the laboratory. It is an established fact that the 
weakness of conventional concrete can be improved by the addition of some 
types of fibers. 
Most of the studies reported to date have involved the determination of 
the properties of steel fiber reinforced concrete (SFRC) and polypropylene 
fiber reinforced concrete (PFRC). Currently there are very little data 
available to indicate whether or not the hybrid composite will improve the 
strength of conventional concrete. 
The purpose of this investigation was to determine the flexural and 
tensile strength of steel/polypropylene fiber hybrid concrete composite. 
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Statement of the Problem 
What are the effects of fixed steel fiber volume, variable 
polypropylene fiber volume, and steel/polypropylene fiber hybrid on 
flexural and tensile strengths of fiber reinforced concrete? To what extent 
can the fibers contribute to the tensile and flexural strengths beyond 
ordinary mixed concrete? 
Purpose of the Study 
The purpose of this study was to investigate the flexural and tensile 
characteristics of steel fiber and polypropylene fiber hybrid reinforced 
concrete due to the fixed volume fraction steel fiber and variable volume 
fraction polypropylene fiber which could contribute to a more efficient 
composite performance. Composite performance of concrete has had 
limited research particularly in rigorous testing and use of advanced 
technology. Standards of testing are well developed, however, the electron 
microscopy and other equipment such as energy dispersive spectroscopy are 
available for critical observation of the matrix. 
Research Hypotheses 
Research hypothesis 1 
There will be no significant difference in the flexural strengths of the 
control group, which contains no fibers, when compared to samples 
containing fixed volume fraction steel fiber. 
Null hypothesis: 
HOpi^ural : PCG = 
Where: ncG = "control group" mean 
jj-A ="group containing 1 percent steel fiber " mean 
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Research hypothesis 2 
There will be no significant difference in the tensile strengths of the 
control group, which contains no fibers, when compared to samples 
containing fixed volume fraction steel fiber. 
Null hypothesis: 
HO-rcnsiic-
Research hypothesis 3 
There will be no significant difference in the flexural strengths of the 
control group, which contains no fibers, when compared to samples 
containing variable volume fraction polypropylene fibers. 
Null hypothesis: 
HOpieKural : PCG = = f^C = 
Where: jiig, jic, Po = "means of groups containing 0.1, 0.2, and 0.3 
percent Polypropylene fibers " 
Research hypothesis 4 
There will be no significant difference in the tensile strengths of the 
control group, which contains no fibers, when compared to samples 
containing variable volume fraction polypropylene fibers. 
Null hypothesis: 
HOxensile ' jLljg = jLlg = |LiC = M-O 
Research hypothesis 5 
There will be no significant difference in the flexural strengths of the 
control group, which contain no fibers, when compared to samples 
containing fixed volume fraction steel fiber and variable volume fraction 
polypropylene fiber hybrid. 
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Null hypothesis: 
Hopiexu„, : licG = HE = ^ iF = ^ iG 
Where: jug, jLip,|LtG ="means of groups containing 1 percent 
steel fiber and 0.1, 0.2, 0.3 percent 
Polypropylene fibers " 
Research hypothesis 6 
There will be no significant difference in the tensile strengths of the 
control group, which contain no fibers, when compared to samples 
containing fixed volume fraction steel fiber and variable volume fraction 
polypropylene fiber hybrid. 
Null hypothesis: 
Ho Tensile ' = jig = jlp = jLlg 
Research hvpothesis 7 
There will be no significant difference in the flexural strengths of 
samples having only steel fibers, when compared to samples containing 
hybrid fibers. 
Null hypothesis: 
Research hvpothesis 8 
There will be no significant difference in the tensile strengths of 
samples having only steel fibers, when compared to samples containing 
hybrid fibers. 
Null hypothesis: 
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Research hypothesis 9 
There will be no significant difference in the flexural strengths of 
samples having only polypropylene fibers, when compared to samples 
containing hybrid fibers. 
Null hypothesis; 
Ho = |i£ = HF = J^G 
Research hypothesis 10 
There will be no significant difference in the tensile strengths of 
samples having only polypropylene fibers, when compared to samples 
containing hybrid fibers. 
Null hypothesis: 
HOxensile : M-S = J^C = J^D = = I^F = 
Delimitations of the Study 
1. This study was limited to the use of one type of batch design mix 
for all specimens. 
2. This study was limited to the use of commercially available 
Portland cement type I as the primary cementitious material. 
3. This study was limited to the use of concrete cylinders which are 
three by six inches for tensile test and three by three by eighteen inches 
beams for flexural test. 
4. This study was limited to the use of locally available fine aggregate 
and 3/4 inch coarse aggregate. 
5. This study was limited to the use of two types of commercially 
available fibers namely steel and polypropylene fibers. 
One type of commercially available steel fiber with a constant aspect 
ratio was used for all the specimens; 3/4 inch coarse aggregate was used for 
the control group and treatment groups. 
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Polypropylene fiber used in this study was collated and fibrillated 
fibers from Fibermesh Inc. Pneumatic hand vibrator with constant vibration 
cycle was used to consolidate all specimens. All samples were made from 
the same batch of acquired materials under uniform laboratory conditions. 
Assumptions of the Study 
The study was conducted under the following assumptions. 
1. All specimens received 20 seconds of external vibration to disperse 
the fibers as uniformly as is mechanically possible. Uniform dispersion 
cannot be assumed. 
2. All the specimens were produced from the same batch of cement, 
fine and coarse aggregate source and cured for the same period, to produce 
as uniform specimens as possible without introducing unnecessary 
inconsistencies. 
3. The testing equipment for static flexural and tensile loading was 
calibrated and produced reliable test data. 
4. Controlled laboratory conditions applied for fabrication and curing 
of all specimens contributed to consistent specimens for testing purpose. 
Definition of Terms 
The following terms as defined here were used throughout this 
dissertation: 
1. Aggregates — Sand and gravel or crushed stone. 
2. Aspect Ratio — Fiber length divided by an equivalent 
fiber diameter (1/d). 
3. Concrete — A mixture of aggregates and paste. 
4. Design Mix — Determination of water cement ratio (w/c) 
and weight of coarse and fine aggregates. 
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5. Fiber Reinforced Concrete — A composite materials made 
of hydraulic cement, fine and coarse aggregates, and 
dispersion of discontinuous small fibers usually steel, 
polypropylene, carbon, or glass fibers. 
6. Flexural strength — Ability of material to resist failure in bending. 
7. Portland Cements — A hydraulic cements composed 
primarily of hydraulic calcium silicates. 
8. Tensile strength — maximum unit stress a material is capable of resisting 
under axial tensile loading; based on the cross-sectional area of the 
member (PCA 1991) 
9. Type I Portland Cement — Cement for general 
purpose construction. 
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CHAPTER II: LITERATURE REVIEW 
Fibers have been used to reinforce construction materials since ancient 
times; vegetable origin fibers such as Jute, Sisal, and straw were used to 
reinforce sunbaked bricks in Middle Eastern countries. Animal hair such as 
horse hair was used widely to reinforce Gypsum plasters in Europe. 
Variety of man-made fibers are available as reinforcement these 
include carbon and steel fibers and synthetic fibers such as polypropylene, 
polyethylene, and polyester fibers. 
Steel Fibers 
Ramachandran and Feldman (1981) revealed several applications for 
steel fibers to be used as reinforcing agent for concrete. Steel fiber 
reinforced concrete has been used to construct many highways and airports. 
The main reason for utilization of steel fibers in pavement was to improve 
flexural strengths and life expectancy of the pavement. 
The reported data concerning the effects of steel fiber on flexural and 
tensile strengths of concrete composites has shown increases m flexural 
strength up to 100% and tensile strength up to 40 percent over 
conventional concrete. 
The only bonding process between concrete and steel is a mechanical 
type. As a result manufacturers of steel fibers have attempted to improve 
this mechanical bonding by mechanically deforming the steel fibers as 
shown in Figure 2.1. 
In designing steel fiber reinforced concrete (SFRC), three important 
factors should be considered. The first is the aspect ratio in relation to the 
aggregate size. 
o [=3 ^ O o 
Figure 2.1 Shapes of some commercial steel fibers 
Hannant (1978) stated that as the aggregate size increases, uniform 
fiber dispersion decreases this is shown in Figure 2.2. Empirical evidence 
has indicated that steel fiber reinforced concrete (SFRC) should contain 30 
percent coarse aggregate between 0.2 inch and 0.5 inch and 70 percent 
mortar by volume. 
Figure 2.2 Effect of aggregate size on fiber orientation. 
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The aspect ratio is defined as the length of the steel fiber divided by its 
diameter 1/d. The American Concrete Institute recommends an aspect ratio 
of between 30 to 150. 
The second consideration is the need to increase the cement content of 
the concrete design mix as the percentage of steel fiber increases. The 
reason for this is to coat the steel fiber surface area. The third factor to be 
considered is the fiber volume. 
In terms of volume percentage for the normal weight concrete, the 
American Concrete Institute's (ACI) recommendation is between 0.38% 
which is equal to 50 pounds per cubic yard up to 2.5% which is equal to 
256 pounds per cubic yard. 
However the high range limit is usually between (1.2% to 2.0%), which 
is 160 to 200 pounds per cubic yard for optimum compaction and fiber 
orientation. The theories that explain the behavior of fiber reinforced 
concrete have been developed for a uniform fiber distribution and random 
orientation of fibers m space. 
Based on the study by Edgington and Hannant (1972), this is not 
necessarily the case as fibers tend to become aligned due to the external 
vibration during compaction. According to Hannant (1978) fibers may be 
oriented randomly in three dimensions in the mixer, however, hardened 
concrete can exhibit anisotropic behavior with strength up to 50 percent 
higher in one direction than another. This phenomenon may depend on the 
direction of vibration, aggregate size, and specimen shape. 
From the practical point of view of manufacturing components, the 
anisotropic properties could be put to good use by arranging the compaction 
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procedure so that fibers are aligned in the most beneficial direction relative 
to the field of stress. 
An experimental study by Cook and Uher (1974) indicated that 
vibration had produced some fiber orientation. Herring Laws, and Kesler 
(1974) verified the effect of vibration from results of cube tests. 
Potrzebowski (1983) reported that vibration of fiber concrete destroys the 
randomness of the fiber distribution and produces anisotropy with regard to 
strength characteristics. 
Steel fiber concrete may be compacted by table vibration, by poker 
vibrators, or by surface vibration. The type and direction of vibration 
however can create critical effects on the orientation of the fibers. 
The orientations of fibers in steel fiber reinforced concrete were found 
to be directly related to the direction of the applied stress. This fiber 
alignment can be achieved accidentally or intentionally in many ways, such 
as surface vibration which causes the fibers to align at right angles to the 
direction of vibration as shown in Figure 2.3. Magnetic fields in 
combination with vibration have been used by Bergstrom (1975) to assist 
fiber orientation in the desired direction. 
One of the major benefits of steel fiber reinforced concrete is its crack 
arresting properties. The strength of this type of composite depends on the 
bond strength between the steel fiber and the matrix (Hannant, 1978). 
Polypropylene Fibers 
Polypropylene fibers were first proposed as a concrete admixture by 
Goldfein (1965), for the construction of blast-resistance buildings for the 
U.S Corp of Engineers. 
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Figure 2.3 The effect of vibration on fiber alignment. 
Goldfein incorporated various natural and man-made fibers in mortar 
and cement. As a result of his publication early research efforts were 
conducted in this area by Shell International Chemical Company, giving 
this material the name of Caricrete. 
In October of 1970, J. J. Zonsveld published the findings of his early 
research in this area. Polypropylene is manufactured in the isotactic 
configuration. It became commercially available in the 1960s, offering the 
textile industry a potentially low price polymer capable of being converted 
into a useful textile fiber. Extrusion of polypropylene is similar to the 
conventional method for the rayon and nylon, which are normally circular 
in cross-section and are used in textile and carpet. 
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The more economical extrusion of isotactic polypropylene is the film 
extrusion process in which the extruder is fitted with a die to produce a 
tubular or flat film which is then slit into tapes and is stretched 
monoaxially. The molecular orientation that results from the stretching 
process is the major cause of the high tensile strength of polypropylene. 
According to Zonsveld (1976), useful properties of polypropylene 
fibers are due to high molecular weight, mode of polymerization, and the 
way it is processed into fibers. 
These properties include: a high melting point, resistance to most 
chemicals, zero water demand due to having a hydrophobic surface which 
helps to prevent chopped fiber from balling up during mixing, high 
crystallinity and orderly atomic arrangement in the polymer molecule. The 
parallel orientation of the polymer chain molecules that characterize these 
fibers helps the fiber to have high tensile strength. 
Polypropylene fiber (PPF) is not the perfect fiber and its advantages 
are offset by shortcomings such as: combustibility, poor bond between the 
fiber and matrix, a low modulus of elasticity which results in reduced crack 
arresting of the composite, and attack by sunlight and oxygen. 
Obviously the last shortcoming of polypropylene fibers is removed 
altogether since surrounding concrete in the matrix protects the fibers. 
Based on a study by Swamy (1978) there is no special mixing 
requirement necessary for polypropylene fibers. Although a variety of 
mixing methods have been studied, the most successful mixing method is to 
disperse the fibers into the mixer (tumbler or pan mixers). 
When compared to other fiber reinforced cement composites, such as 
steel fiber reinforced concrete (SFRC), discontinuous polypropylene fiber 
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reinforced concrete (PFRC) has shown at least two distinctive 
characteristics. 
First, PPF has a low modulus of elasticity, during cracking of concrete, 
the polypropylene fibers directly assume the load until a pullout occurs on 
the surface of the fibers. This behavior is believed to be due to the low 
modulus of elasticity of polypropylene fibers. Second characteristic of the 
PPF is the lack of interfacial bond between polypropylene fibers and 
matrix. 
A study by Naaman, Shah, and Throne (1985) on the performance of 
polypropylene fibers in cementitious composites has revealed that the best 
bonding properties of polypropylene fibers with concrete can be obtained 
by improving the mechanical bonding of the fibers and concrete, namely by 
twisting them or adding end buttons to the fibers. 
According to Dave and Ellis (1979) flexural and tensile strength of 
polypropylene fiber reinforced concrete does not improve due to 
incorporation of PPF fiber. The only improvement observed at high volume 
fractions greater than 6% was the first cracking stress. 
Glass Fibers 
Zollo (1982) postulates that the credit for the initial development of 
dispersed glass fibers utilized as a reinforcement for cement is given to a 
Russian scientist Biryukovich. He was involved in the construction of a 
factory roof in Kiev in 1963. 
His work stimulated the work of Majumdar and Nurse at the Building 
Research Establishment in England. This directly lead toward the 
development of glass fiber. 
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The commercial methods of producing the flat sheet material from 
glass fibers and cement paste are those which were used by Biryukovich. 
The common glass fibers, E-glass are believed to be chemically attacked by 
the alkaline environment of cement paste which over a time period 
contributes to the loss of strength in the glass fiber reinforced concrete. 
Zollo (1982) believed that this strength reduction can be eliminated by 
using alkali-resistant glass fibers, organic coating of the glass fibers, and 
reducing the exposure of glass fiber reinforced concrete to high humidity 
environment. 
Manufacturing of glass fibers is accomplished by blowing compressed 
air or steam at a stream of molten glass, longer fibers are manufacture by 
centrifuging molten glass. Three types of mechanically drawn glass fibers 
are; soda lime-silica glass or A-glass, borosilicate glass or E-glass, and 
zirconia glass which is more resistant to attack by alkalis than A or E glass. 
Since the development of glass fiber reinforced concrete (GFRC), most 
research has involved the bonding behavior of fibers in an ordinary portland 
cement paste. Much of the published data regarding the durability of 
different types of glass fibers have relied on the interfacial bond between 
the glass fibers and the matrix, and not on the environmental effects on the 
matrix itself. 
As a result conclusions regarding the durability of the glass fibers in 
portland cement matrix should be treated with caution. An investigation by 
Marsh and Clark (1985) on the effect of alkali resistance glass fiber on the 
physical properties of portland cement concrete has shown that the addition 
of glass fibers has improved the flexural strength of (GFRC) by 4.9 times 
over the strength of plain concrete also a 20 to 25 percent increase in 
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compressive strength over the non-reinforced concrete. They have 
concluded that the addition of glass fibers can improve the flexural strength 
and crack resistance of the concrete. 
Asbestos Fibers 
Asbestos cement construction products are widely used throughout the 
world today. Large-scale commercial use of asbestos fibers in a cement 
paste matrix began with the invention of the Hatschek process in 1900. 
However, due to the health hazards associated with asbestos fibers, 
different types of fibers have been developed in the last twenty to thirty 
years (Shah, 1983). 
Asbestos is a general name for several varieties of naturally available 
mineral fibers, which have been used in combination with portland cement 
paste to form a material called asbestos cement. 
This naturally occurring mineral possesses a unique range of chemical 
and physical properties. According to Hannant (1978) the strongest type of 
asbestos fibers is Crocidolite or blue asbestos. This type of asbestos is 
considered to be the most dangerous form of asbestos regarding the hazard 
to health. Only few countries are considered the major producers of 
asbestos, of which the largest concentrations of asbestos production are 
located in Canada, USSR, and South Africa. 
Asbestos cements were used widely for making building products such 
as shingles, sheets, corrugated roofing elements, and pipes. The desirable 
mechanical, thermal, and chemical resistance of this fiber as well as being 
relatively inexpensive were the major reasons for its wide application. 
Asbestos fibers have been used in concrete by up to three percent by weight 
of cement. Hannant (1978) pointed out that the compressive strength and 
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the modulus of elasticity of asbestos reinforced cement are not increased as 
a result of the addition of asbestos fibers; however asbestos cement is 
known to be very durable under natural weathering conditions. 
Due to asbestosis (depletion and lung cancer) which is associated with 
asbestos, a great demand exists now for a suitable fiber substitute. 
Organic Fibers 
Organic fibers include natural fibers such as sisal, straw, bamboo, and 
synthetic fibers such as polypropylene, and polyethylene. 
According to Nawy (1985) the high cost of man-made fibers (steel, 
glass, polypropylene, and polyethylene), in combination with the reduced 
usage of asbestos fibers due to its health hazard properties, has directed 
many scientists to devote their efforts to find substitutes, especially natural 
organic fibers which exist in large quantities in many countries around the 
world. 
Based on a study by Castro and Naaman (1985), natural fibers of the agave 
family were found to have significant mechanical properties which made 
this fiber suitable as a potential reinforcement for cementitious material. 
The agave family fibers (Lechuguilla and Mayuey atroviens) which are 
widely available in Mexico were found to have tensile strength of 80,000 
pounds per square inch (PSI) and an elastic modulus of up to three million 
PSI, making these fibers suitable for low-cost housing applications, 
especially where the cost of reinforcement constitutes a major portion of 
the total cost. 
Variety of fiber lengths and volume fractions were used in portland 
cement mortar matrix, up to three inches in fiber's length and volume 
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fraction of up to 11 percent. The study indicated that the cementitious 
matrix reinforced with natural fibers can achieve good resistance to 
environmental exposures. 
The testing procedures and standards are well documented and 
researched by the American Society for Testing and Materials (ASTM), and 
thus, a review of literature was not included in this chapter. 
19 
CHAPTER III: METHODOLOGY 
This chapter provides a description of the research procedures used in 
this investigation, the material properties, the concrete design mix, the 
sample size, the instrumentation, the methods of investigation, and the 
methods of statistical analysis are presented here. 
Materials 
Type I Portland cement bagged in 94 pound sacks from one source with 
bulk specific gravity of 3.14 was used for the eight test series. The fine 
and coarse aggregates used were from one source. The fine aggregate was a 
local sand and the coarse aggregate was a local crushed lime stone. Both 
fine and course aggregates used in this study were approved by the 
Department of Transportation. 
The size of the coarse aggregate used in this investigation was 3/4 
inch. Regular tap water was used for both mixing and curing. Two types 
of fibers were utilized in this investigation as shown in Figure 3.1. 
The steel fiber (SF) used in this investigation was Dramix ZC 50/.50 
patented hooked steel fiber wire having 2 inches (50 mm) length and 0.02 
inches (0.50 mm) diameter with aspect ratio (I/d) of 100. 
The steel fibers were collated into clip of up to 48 individual fibers 
with a special inert adhesive that is dissolved during mixing process 
releasing individual fibers into the mix. 
The fibers separation process also is aided by scoring effects of the 
aggregate in the mix. Dramix steel fiber is manufactured by the BEKART 
Corporation. The polypropylene fiber (PPF) used in this investigation was 
collated and fiberlated fiber from FIBERMASH Company. 
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Figure 3.1 Polypropylene and hooked steel fibers. 
The polypropylene fiber by FIBERMASH is supplied in a 1.5 pound 
amorphous carbohydrate polymer CeHioOs inert sack which will quickly 
disintegrate in concrete, releasing the fibers. Each bag is enough to 
reinforce one cubic yard of concrete at volume fraction of 0.1 percent. 
Mechanical properties of these fibers are shown in Table 3.1. 
Table 3.1 Properties of Steel and Polypropylene Fibers 
Fiber Specific gravity Tensile Strength Young's modulus 
Type KSI KSI 
Steel 7.80 150.00 29.000 
Polypropylene 0.9 80- 110 500 
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Storage and Preparation of Materials 
Storage and preparation of materials were based on the recommended 
practice of the American Society for Testing and Materials (ASTM). 
Two cubic yards of Department of Transportation approved coarse and 
fine aggregates were supplied and delivered to the laboratory at University 
of Northern Iowa free of charge by Benton's Ready Mixed Concrete 
Incorporated of Cedar Falls, Iowa. Based on standard practice for sampling 
aggregate ASTM D75 approximately 700 pounds of coarse and 700 pounds 
of fine aggregates were obtained from stockpiles and stored in separate 
aggregate bins in the laboratory. 
Coarse aggregate was further separated into individual size fraction as 
shown in Table 2 and stored into separate aggregate bins to impede 
aggregate segregation and provide proper gradation and proportion during 
concrete mixing. 
In accordance with ASTM CI92 both fine and coarse aggregates were 
maintained in damp conditions and were allowed to achieve room 
temperature in the range of 68 to 86 degrees Fahrenheit before their 
incorporation into the concrete mix. 
Two sacks of 94 pound portland cement type I were opened and 
thoroughly mixed together in a moisture-proof container to assure the 
homogeneity of the portland cement supply throughout the experiment. 
Four 1.5 pound bags of polypropylene fiber supplied by FIBERMASH 
were opened and mixed thoroughly in a large metal container to provide a 
uniform supply throughout the experiment. 
DRAMIX hooked steel fibers were supplied in a 66 pound bag was 
opened and thoroughly mixed to obtain homogeneity of steel fibers. 
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Analysis of Fine and Coarse Aggregates 
Prior to the design of the concrete mix the following tests were 
conducted on both fine and coarse aggregates using the guidelines 
recommended by the American Society for Testing and Materials (ASTM): 
1. Test for sieve analysis of fine and coarse aggregates ASTM C136. 
This is used to determine the particle size distribution of the fine and 
coarse aggregates by sieving. 
2. Test for specific gravity and absorption of coarse aggregate 
ASTM C127. 
3. Test for specific gravity and absorption of fine aggregate 
ASTM C128. Both tests are used for the determination of bulk, apparent 
specific gravity and absorption of coarse and fine aggregates. Bulk specific 
gravity is used for the calculation of the volume occupied by the aggregate 
in Portland cement concrete. 
4. Test for total moisture content of aggregate by drying ASTM C566. 
This test is used to determine the amount (percentage) of evaporable 
moisture in both fine and coarse aggregates. 
5. Test for unit weight and voids in aggregate ASTM C29. This test is 
used to determine unit weight and voids of fine and coarse aggregates. 
Based on ASTM CI25 the finesse modulus (FM) is determined simply 
by adding the cumulative percentages by weight retained on specific sieves 
and dividing the sum by 100. Specified sieves are No. 100, No. 50, No. 30, 
No. 16, No.8, No.4, and 3/8 in., 3/4 in., 1 1/2 in., 3 in., and 6 in. 
Results of tests on finesse modulus of fine aggregate and weight of 
dry-rodded coarse aggregate indicated a fineness modulus of 2.8 and 
dry-rodded weight of 96 pounds per cubic foot. 
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Test results on moisture absorption of fine and coarse aggregates 
resulted in 2.25% and 2.0% moisture absorption for fine and coarse 
aggregates. Results of sieve analysis for fine and coarse aggregates are 
shown in Tables 3.2 and 3.3 respectively. 
Concrete Design 
The basic mix for this investigation was designed to obtain 
approximately 4,000 PSI compressive strength at the end of 28 days curing 
time using the American Concrete Institute (ACI) and ASTM 
specifications. The concrete mix design utilized was as follows; 
Water = 358.6 lb/yd 
Cement = 596.5 lb/yd 
Fine aggregate = 1351 lb/yd 
Coarse aggregate = 1654 lb/yd (3/4 inches maximum size) 
The concrete mix used in this investigation was designed to have water 
cement ratio of 0.57, slump of 1 to 3 inches, and minimum compressive 
strength of 4,000 PSI after a full 28 day cure. 
Molds for Flexural and Tensile Tests 
Molds for flexural test specimens were constructed of water-proof 
plywood having inside dimensions of 3 inches by 3 inches (77 by 77 mm) 
by 20 inches (510 mm) long. Splitting tensile specimens were cast in 
waxed cylindrical molds which measured 3 inches (77 mm) in diameter and 
6 inches (153 mm) in length. 
Sample Size 
ASTM CI92 requires that a minimum of three specimens be prepared 
for each test conditions. Sample size based on ASTM specifications was 
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Table 3.2 Sieve Analysis of Fine Aggregate 
Coarse aggregate percentage 
Sieve size Retained Passing 
3/8 0.0 100.0 
No. 4 2.6 97.4 
No. 8 8.3 89.1 
No. 16 14.50 74.6 
No. 30 30.70 43.9 
No. 50 32.0 11.9 
No. 100 10.7 1.2 
No. 200 0.7 0.5 
Pan 0.5 
Table 3.3 Sieve Analysis of Coarse Aggregate 
Coarse aggregate, percent Passing 
Sieve size Retained 
3/4 0.0 100.0 
1/2 78 22 
3/8 16 6 
No .4 2.7 3.3 
No. 8 1.50 1.8 
No. 16 1.10 0.7 
Pan 0.70 
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found to be inadequate for the minimum required sample size for the 
statistical design selected for this experiment. 
The number of specimens and the number of test batches 
are dependent on established practice and the nature of 
the test program. Guidance is usually given in the test 
method or specification for which the specimens are 
made. Usually three or more specimens are molded for 
each test age and test condition unless otherwise 
specified. (ASTM C192, 1992a, vol 04.02 p. 117) 
Therefore seven samples for each group and for each test method was 
prepared to enhance the accuracy of the statistical analysis. A total of 112 
specimens were produced for eight test series consisting of 56 cylinders for 
splitting tensile and 56 beams for flexural test. 
Procedure 
Design and Control of Concrete Mixture by Portland Cement 
Association (PCA), and American Concrete Institute (ACI) were followed. 
A revolving electric powered drum mixer with constant revolution and 
capable of tilting was used to mix precise amounts of coarse aggregate, fine 
aggregate, cement, and water. 
Eight separate and distinct test groups were prepared for flexural test. 
Each group consisted of seven test beams each having dimensions of 
3 inches (77 mm) by 3 inches (77 mm) by 20 inches (510 mm) in length. 
A total of 56 beams were produced, the first test group was used as the 
control group and consisted of plain concrete. The second test group (A) 
was conventional steel fiber reinforced concrete having a fixed volume 
fraction of 1.0 percent steel fiber. The third, fourth, and fifth test groups 
(B, C, D) were conventional polypropylene fiber reinforced concrete 
having a 0.1, 0.2, and 0.3 percent polypropylene fiber by volume fraction 
respectively. 
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The sixth, seventh and eight groups (E, F, G) were steel/polypropylene 
fiber hybrid reinforced concrete having 1.0 percent steel fiber and 0.1, 0.2, 
0.3 percent polypropylene fiber by volume fraction respectively. 
Enough material (coarse aggregate, fine aggregate, cement, and water) 
to produce the control group were weighted and placed into a rotary drum 
mixer and mixed thoroughly. The concrete was cast into wooden forms 
designed for flexural test and vibrated externally for 30 seconds. This 
procedure was replicated for the remaining seven groups and fiber were 
added to each distinct group directly into the drum and mixed. 
Mixing time, vibration period, and vibration direction for all specimens 
were kept constant to surmount any variation in the specimens. 
Eight separate and distinct test groups were prepared for the splitting 
tensile test. One standard size cylinder 3 inches (77 mm) in diameter and 
6 inches (153 mm) in length was used with seven cylinders per test series 
for a total of 56 cylinders. The first group of cylinders were filled with 
plain concrete and served as the control group. 
The second test group (A) was conventional steel fiber reinforced 
concrete having a fixed volume fraction of 1.0 percent steel fiber. The 
third, fourth, and fifth test groups (B, C, D) were conventional 
polypropylene fiber reinforced concrete having a 0.1, 0.2, and 0.3 percent 
polypropylene fiber by volume fraction respectively. The sixth, seventh 
and eight groups (E, F, G) were steel/polypropylene fiber hybrid reinforced 
concrete having 1.0 percent steel fiber and 0.1, 0.2, 0.3 percent 
polypropylene fiber by volume fraction respectively. 
Treatment received by the flexural and the tensile groups is shown in 
Table 3.4. 
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Table 3.4 Treatment received by flexural and tensile specimens 
Control and Treatment Groups 
Test Size inches Shape Group Steel Vf% ] PPF Vf% 
Flexural 3 by 3 by 20 Beam Control 0.00 0.00 
Flexural 3 by 3 by 20 Beam A 1.00 0.00 
Flexural 3 by 3 by 20 Beam B 0.00 0.10 
Flexural 3 by 3 by 20 Beam C 0.00 0.20 
Flexural 3 by 3 by 20 Beam D 0.00 0.30 
Flexural 3 by 3 by 20 Beam E 1.00 0.10 
Flexural 3 by 3 by 20 Beam F 1.00 0.20 
Flexural 3 by 3 by 20 Beam G 1.00 0.30 
Tensile 3 by 6 Cylinder Control 0.00 0.00 
Tensile 3 by 6 Cylinder A 1.00 0.00 
Tensile 3 by 6 Cylinder B 0.00 0.10 
Tensile 3 by 6 Cylinder C 0.00 0.20 
Tensile 3 by 6 Cylinder D 0.00 0.30 
Tensile 3 by 6 Cylinder E 1.00 0.10 
Tensile 3 by 6 Cylinder F 1.00 0.20 
Tensile 3 by 6 Cylinder G 1.00 0.30 
Vf = Volume Fraction 
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Curing 
Both cylinders and beams were covered and allowed to set for 24 hours 
before removal from the mold. They were placed in the water tank to cure. 
After 28 days, the specimens were removed from the curing tank and 
tested based on ASTM procedures. 
Specimens Inspection 
To ensure that there were no visible surface cracks and honeycombing, each 
beam and cylinder was visually inspected upon removal from the mold, and 
prior to the end of the 28 day curing period. 
Instrumentation 
The Baldwin Tate-Emery universal testing machine (Figure 3.2) was 
used to determine the flexural strength of beams and splitting tensile 
strength of the cylinders. 
Figure 3.2 The Baldwin Tate-Emery universal testing machine. 
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This machine is equipped with one calibrated dial to indicate load and 
three ranges. The first range has 5 pound increments starting from 0, and 
ranging to 6,000 pounds. 
The second range has 20 pounds beginning with 0, and ranging to 
24,000 pounds. The third and final range has 50 pound increments starting 
from 0, and increasing to a maximum of 60,000 pounds. 
Flexural Test 
The first evaluation method used in this investigation was to determine 
flexural strength of concrete composite. The standard test commonly 
utilized to determine flexural strength also termed modulus of rupture of a 
concrete beam, is to apply a concentrated load at center (center point 
loading). 
In center point loading, a concrete beam is subjected to a concentrated 
load at center until failure occurs. Failure mechanism of the concrete beam 
near midspan (Figure 3.3) is due to maximum tensile bending stresses at the 
bottom surface of the beam along the neutral axis. 
Centerline 
À 
Figure 3.3 Failure mechanism of concrete beam. 
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According to Leet (1984), modulus of rupture (R) can be determined by 
substituting experimental value of moment into the standard beam equation 
for stresses at the top and bottom. 
The standard test method for flexural strength of concrete using a 
simple beam with center point loading ASTM C 293 was utilized in this 
study, which is one of the recommended test methods by ACI's committee 
544 on fiber reinforced concrete (ACI 1992). 
Figure 3.4 Flexural test apparatus. 
This research utilized, a 3 by 3 inches (77 by 77 mm) in cross section 
and 20 inches (510 mm) long concrete beams. The suitable apparatus for 
flexural test of concrete beams (Figure 3.4) as specified by ASTM C 293 
consist of a rigid loading structure with two pivoting blocks at the bottom 
to support the beam ends and one load applying block at the top. 
Head of testing machine 
Span Length 
Bed of testing maciiine 
Rigid __A 
loading structure 
Load applying 
support blocks 
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After curing the beam specimens for a 28 day period, the flexural 
beams were removed from the curing tank and width, depth, and length of 
each specimen were measured and recorded. 
Prior to testing each specimen was marked at center and placed 
individually on the flexural test apparatus. The bottom support blocks were 
positioned 1 inch from each end of the beam and the load applying block at 
the top was placed in contact with the surface of the beam at midpoint as 
shown in Figure 3.5. 
After correct alignment of the specimen in the apparatus, each 
specimen was subjected to a constant load at rate of 175 psi (1.21 MPa) per 
minute until rupture occurred. 
Figure 3.5 Concrete beam under test. 
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The modulus of rupture (R) for each specimens was determined using 
the following formula; 
D  _  3  X  P x /  
2 x  b x d ^  
Where: R = Modulus of rupture, psi, or MPa, 
P = Maximum applied load, Ibf or N, 
1 = Span length, in. or mm, 
b = Average width of specimen, in. or mm, and 
d = Average depth of specimen, in. or mm. 
Splitting Tensile Test 
The second evaluation method used in this investigation was to 
determine the tensile strength of control groups which contained plain 
concrete versus experimental fibrous concrete composite. The standard test 
commonly used to determine tensile strength of concrete is to produce and 
test cylindrical specimens according to ASTM C496. 
In the splitting cylindrical test, a concrete cylinder is placed between 
compression plates of testing apparatus and loaded to failure on its side by 
a line load. 
The line load is achieved by a supplemental bearing plate and bearing 
strips. Failure mechanism of concrete cylinder along its length and 
diametral line (Figure 3.6) is due to tension on a vertical plane through the 
centerline of the section. 
The suitable apparatus utilized for the splitting tensile strength of 
concrete cylinders consisted of two bearing strips of 6 inch long plywood 
having 1/8 inch thickness and 1 inch width. 
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Figure 3.6 Failure mechanism of concrete cylinder under tensile load. 
In addition a supplementary bearing plate was used to achieve the 
required line load. Supplementary equipment in addition to the testing 
machine as required by ASTM C496 are shown in Figure 3.7. 
The standard test method for tensile strength of concrete cylinder 
ASTM C496 is one of the recommended test methods by ACI's committee 
544 on fiber reinforced concrete (ACI 1992). 
One standard size waxed cylindrical mold 3 inches (77 mm) in 
diameter and 6 inches (153 mm) in length was used for casting splitting 
tensile specimens. To determine splitting tensile of concrete cylinders, 
Baldwin Tate-Emery universal testing machine which complies to ASTM 
C39 was used. After a 28 day curing period cylindrical specimens were 
removed from the curing tank, and diametral lines on each end of the 
specimens were drawn. 
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Figure 3.7 Supplementary testing equipment for tensile test. 
Each individual specimen was placed along its side between 
compression plates of the testing machine and were loaded to failure. A 
photograph of a cylindrical specimen subjected to splitting tensile load and 
testing machine is shown in Figure 3.8. 
The total maximum applied load in pounds indicated by testing 
machine was recorded for each specimen. To determine the splitting tensile 
strength of specimens the following formula was utilized: 
2 x P  
7C X /x  d 
Where: T = splitting tensile strength, psi or (Kpa), 
P = applied load, Ibf or (Kn), 
1 = length, in. or (m), and 
d = diameter, in. or (m). 
Figure 3.8 Cylindrical specimen subjected to splitting tensile load. 
Scanning Electron Microscopy 
The Scanning Electron Microscopy (SEM) was utilized to examine the 
interfacial bond between steel fiber/polypropylene fiber and concrete 
matrix. The SEM was also used to evaluate the micro cracks and crack 
arresting properties of fibers in the matrix and to explore the presence of 
crystalline growth in the matrix. 
The instrument currently in use by the SEM research laboratory at the 
University of Northern Iowa is a Hitachi model S-750, which was installed 
in 1986. A photograph of the SEM is shown in Figure 3.9. The scanning 
electron microscope (SEM) is a device capable of evaluating surface and 
subsurface of specimens by illuminating them with the aid of electron 
emission. The monochrome images produced by the SEM can be viewed on 
36 
Cathode Ray Tube (CRT) or can be captured permanently on a photographic 
paper which is referred to as scanning electron micrograph. 
The nonconductive specimens are required to be coated with a heavy 
metal to enhance the resolution. This procedure is referred to as a coating 
or plating process which involves the use of Gold sputtering equipment. 
After the specimens were tested for flexural and tensile strength, they 
were identified and marked for further analysis. Specimens selected for 
SEM analysis were selected at random. Fibers in a failed area were then 
randomly removed using a pair of tweezers. 
Each specimen was then mounted on a 3/4 inch diameter aluminum 
disk using silver paste. All specimens were then coated with gold. Gold 
plating was accomplished using a sputtering process. The final step was 
the actual analysis of the randomly selected samples. 
Figure 3.9 Scanning Electron Microscope. 
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Statistical Analysis 
Each of the research hypotheses was tested at 0.05 level of 
significance. The t-test was used to test the first and the second hypothesis 
which involved testing two means, namely the control group and the group 
containing steel fiber. The One Way Analysis of Variance (ANOVA) was 
used to test hypotheses three through ten. 
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CHAPTER IV; RESEARCH RESULTS 
The purpose of this experimental research was to determine the 
flexural and tensile characteristics of steel fiber and polypropylene fiber 
hybrid reinforced concrete composite due to fixed volume fraction steel 
fiber and variable volume fraction polypropylene fiber. The results of the 
flexural test and splitting tensile test are analyzed and presented in the form 
of analytical, graphical, and statistical formats. 
The electron micrographs of fiber from failed concrete specimens are 
analyzed and presented. Each of the research hypotheses were tested at 
0.05 level of significance. 
Flexural Strength Analysis 
The modulus of rupture, denoted by the symbol (R) for the control 
group and seven treatment groups was determined using the ASTM C293 
procedure where the concrete beam is subjected to a concentrated load at 
center until failure occurs. The results of flexural strength is shown in 
Tables 4.1 and 4.2 respectively. 
The modulus of rupture (R) values ranged from 620.00-655.00 in the 
control group, from 715.00-865.00 in group A containing 1.0% steel fiber, 
from 555.00-650.00 in group B containing 0.1% polypropylene fiber, from 
485.00-635 in group C containing 0.2% polypropylene fiber, from 
595.00-640.00 in group D containing 0.3% polypropylene fiber, from 
735.00-825.00 in group E containing 0.1% polypropylene and 1.0% steel 
fiber hybrid, from 675.00-1030.00 in group F containing 0.2% 
polypropylene and 1.0% steel fiber hybrid, and from 725.00-785.00 in 
group G containing 0.3% polypropylene and 1.0% steel fiber hybrid. 
39 
Table 4.1 Flexural Strength PSI 
Fiber Type 
SF PPF PPF PPF 
Control Group A B C D 
Vf=0.0% Vf=1.0% Vf=0.1% Vf=0.2% Vf=0.3% 
635.00 830.00 555.00 490.00 620.00 
650.00 865.00 650.00 540.00 600.00 
625.00 715.00 635.00 635.00 635.00 
620.00 810.00 620.00 610.00 595.00 
655.00 775.00 590.00 570.00 620.00 
625.00 835.00 630.00 485.00 640.00 
635.00 810.00 615.00 555.00 620.00 
SF = Steel fiber 
PPF = Polypropylene fiber 
Vf = Volume Fraction 
Control group; Plain concrete 
Group A: With 1.0% steel fiber 
Group B: With 0.1% polypropylene fiber 
Group C: With 0.2% polypropylene fiber 
Group D; With 0.3% polypropylene fiber 
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Table 4.2 Flexural Strength PSI 
Fiber Type 
SF and PPF SF and PPF SF and PPF 
Control Group E F G 
Vf=0.0% Vf=1.0% & 0.1% Vf=1.0% & 0.2% Vf=1.0% & 0.3% 
635.00 735.00 950.00 775.00 
650.00 755.00 985.00 740.00 
625.00 825.00 1030.00 740.00 
620.00 775.00 965.00 725.00 
655.00 785.00 675.00 745.00 
625.00 760.00 1020.00 785.00 
635.00 765.00 955.00 750.00 
SF = Steel fiber 
PPF = Polypropylene fiber 
Vf = Volume Fraction 
Control group: Plain concrete 
Group E: (Hybrid) with 1.0% steel and 0.1% polypropylene fiber 
Group F: (Hybrid) with 1.0% steel and 0.2% polypropylene fiber 
Group G; (Hybrid) with 1.0% steel and 0.3% polypropylene fiber 
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The average flexural strength (R) of the plain concrete (control group) 
was found to be 635.00 PSI, with a standard deviation of 13.23 PSI. The 
average flexural strength of group A (1.0 percent steel fiber) was 
805.71 PSI, which is an increase in flexural strength of 27 percent. The 
standard deviation of this treatment group was 48.60 PSI. Figure 4.1 is the 
comparison of the flexural strength (R) and the standard deviation of 
control group and group A containing 1,0% steel fiber. 
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Figure 4.1 Flexural strength of control group versus treatment group. 
The failure and rupture of the control group specimens which 
contained plain concrete was abrupt and instantaneous under applied load, 
however specimens containing 1.0% steel fiber supported additional load 
under test after the first crack, this phenomena is shown in Figure 4.2. 
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Figure 4.2 Steel fiber reinforced concrete beam after first crack. 
The ability of the group containing steel fiber to sustain additional 
load under test was due to existence of the mechanical bond between steel 
fibers and concrete matrix. Load maintainability of steel fiber reinforced 
concrete beams was also due to fiber alignment. This fiber alignment was 
the result of direction of vibration applied to concrete molds during casting 
and consolidation of concrete beams. The fracture of steel fiber reinforced 
beams were not possible until complete pullout of steel fibers from the 
concrete matrix as shown in Figure 4.3. 
The (R) means for group B, C, and D were 613.57, 555.00, and 618.57 
respectively. The treatment group C which contained 0.2% polypropylene 
fiber produced the lowest flexural strength. The mean and standard 
deviations of flexural beams is shown in Table 4.3 
Table 4.3 Modulus of Rupture, PSI 
Groups 
Control A B C D E F G 
635.00 830.00 555.00 490.00 620.00 735.00 950.00 775.00 
650.00 865.00 650.00 540.00 600.00 755.00 985.00 740.00 
625.00 715.00 635.00 635.00 635.00 825.00 1030.00 740.00 
620.00 810.00 620.00 610.00 595.00 775.00 965.00 725.00 
655.00 775.00 590.00 570.00 620.00 785.00 675.00 745.00 
625.00 835.00 630.00 485.00 640.00 760.00 1020.00 785.00 
635.00 810.00 615.00 555.00 620.00 765.00 955.00 750.00 
S.D 13.23 48.60 31.85 56.27 16.51 28 39 122.66 21.16 
Mean 635.00 805.71 613.57 555.00 618.57 771.43 945.71 751.43 
N 7 7 7 7 7 7 7 7 
.S.D: Standard deviation 
S : Number of samples 
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Figure 4.3 Fiber pullout in steel fiber reinforced concrete beam. 
The average flexural strength of group B which contained 0.1% 
polypropylene fiber was shown to decrease by 3.4 percent from the control 
group. The flexural strength of group D which contained 0.3% 
polypropylene fiber was also approximately 3 percent less than the control 
group. 
The largest reduction (-13%) in flexural strength between all groups 
was more visible in group C which contained 0.2% polypropylene fiber. 
The sudden failure of flexural beams was improved in these groups as 
polypropylene fiber volume was increased. 
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Figure 4.4 Flexural strength versus fiber volume. 
The effect of variable volume fraction polypropylene fiber on flexural 
strength of treatment groups B, C, and D is shown in Figure 4.4. 
Shown in Figure 4.5 are the average flexural strength of hybrid groups 
which contained fixed volume fraction steel fiber and variable volume 
fraction polypropylene versus treatment groups which contained only 
variable volume fraction polypropylene fiber. 
The average flexural strength of group E, F, and G which contained 
1.0% fixed volume fraction steel fiber and 0.1%, 0.2%, and 0.3% variable 
volume fraction polypropylene fiber, was increased by 21, 49, and 18 
percent respectively over the control group. 
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Figure 4.5 Flexural strength of hybrid group. 
The addition of steel fiber and polypropylene fiber hybrid eliminated 
sudden failure and reduced the number of cracks in flexural beams as 
shown in Figure 4.6. 
Shown in Figure 4.7 is a comparison between flexural strength of 
groups B, C, and D which contained 0.1, 0.2, 0.3 percent polypropylene 
fiber and groups E, F, and G which contained 1.0% fixed volume fraction 
steel fibers and 0.1. 0.2. and 0.3 percent polypropylene fiber. 
Figure 4.8 represents a comparison between flexural strength of the 
control group and seven treatment groups. 
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Figure 4.6 Sudden failure in flexural beams. 
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Figure 4.7 Flexural strength of polypropylene groups versus hybrid groups. 
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Figure 4.8 Flexural strengths of control and experimental groups. 
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Tensile Strength Analysis 
Figure 4.9 represents a specimen under splitting tensile load. The 
results of the splitting tensile strength of cylindrical concrete specimens are 
shown in Tables 4.4, 4.5, and 4.6. 
The tensile strength (T) values ranged from 49.00-513.00 in the control 
group, from 690.00-743.00 in group A containing 1.0% steel fiber, from 
463.00-479.00 in group B containing 0.1% polypropylene fiber, from 
442.00-513.00 in group C containing 0.2% polypropylene fiber, from 
454.00-470.00 in group D containing 0.3% polypropylene fiber, from 
803.00-867.00 in group E containing 0.1% polypropylene and 1.0% steel 
fiber hybrid, from 849.00-923.00 in group F containing 0.2% polypropylene 
and 1.0% steel fiber hybrid, and from 844.00-902.00 in group G containing 
0.3% polypropylene and 1.0% steel fiber hybrid. 
Figure 4.9 Concrete cylinder under tensile load. 
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Table 4.4 Tensile Strength PSI 
Fiber Type 
SF PPF PPF PPF 
Control Group A B C D 
Vf=0.0% Vf=1.0% Vf=0.1% Vf=0.2% Vf=0.3% 
513.00 707.00 467.00 477.00 460.00 
499.00 743.00 477.00 422.00 467.00 
502.00 690.00 469.00 513.00 463.00 
513.00 725.00 470.00 467.00 470.00 
500.00 700.00 463.00 453.00 465.00 
506.00 711.00 479.00 506.00 454.00 
499.00 718.00 470.00 488.00 463.00 
SF = Steel fiber 
PPF = Polypropylene fiber 
Vf = Volume Fraction 
Control group: Plain concrete 
Group A: With 1.0% steel fiber 
Group B; With 0.1% polypropylene fiber 
Group C: With 0.2% polypropylene fiber 
Group D; With 0.3% polypropylene fiber 
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Table 4.5 Tensile Strength PSI 
Fiber Type 
SF and PPF SF and PPF SF and PPF 
Control Group E F G 
Vf=0.0% Vf=1.0%& 0.1% Vf=1.0%& 0.2% Vf=1.0% & 0.3% 
513.00 805.00 849.00 902.00 
499.00 838.00 912.00 867.00 
502.00 856.00 920.00 884.00 
513.00 803.00 923.00 891.00 
500.00 867.00 902.00 877.00 
506.00 829.00 858.00 844.00 
499.00 833.00 884.00 844.00 
SF = Steel fiber 
PPF = Polypropylene fiber 
Vf = Volume Fraction 
Control group: Plain concrete 
Group E; (Hybrid) with 1.0% steel and 0.1% polypropylene fiber 
Group F: (Hybrid) with 1.0% steel and 0.2% polypropylene fiber 
Group G; (Hybrid) with 1.0% steel and 0.3% polypropylene fiber 
Table 4.6 Tensile Strength, PSI 
Groups 
Control A B C D E F G 
513.00 707.00 467.00 477.00 460.00 805.00 849.00 902.00 
499.00 743.00 477.00 422.00 467.00 838.00 912.00 867.00 
502.00 690.00 469.00 513.00 463.00 856.00 920.00 884.00 
513.00 725.00 470.00 467.00 470.00 803.00 923.00 891.00 
500.00 700.00 463.00 453.00 465.00 867.00 902.00 877.00 
506 00 711.00 479.00 506.00 454.00 829.00 858.00 844.00 
499.00 718.00 470.00 488.00 463.00 833.00 884.00 844.00 
S.D 6.24 17.35 5.56 26.31 5.15 23.84 29.75 22.43 
Mean 504 57 713.43 470.71 478.00 463.14 833.00 892.57 872.71 
N 7 7 7 7 7 7 7 7 
S.D; Standard deviation 
S : Number of samples 
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The sudden failure of tensile cylinders was improved drastically over 
specimens which contained only plain concrete. This improvement was due 
to addition of fiber into the matrix. The failure of tensile specimens 
containing steel fiber was due to fiber pullout. Fiber alignment and pullout 
can be seen in Figure 4.10. 
Figure 4.10 Fiber pullout in a failed tensile specimen. 
The average tensile strength of group A which contained 1.0% steel 
fiber was increased by 41% over conventional concrete. The average tensile 
strength of groups B, C, and D which contained 0.1, 0.2, and 0.3 percent 
polypropylene fiber respectively were reduced from 5% in group C to 8% 
in group D as shown in Figure 4.11. The reduction in tensile strength of 
groups which contained variable volume fraction polypropylene fiber was 
similar to the flexural specimens. 
54 
55 500 
M 
1 
en 
'm 
s 
H 
««Si 
4 0 0 
C.G Vf=0.1 Vf=0.2 Vf=0.3 
Polypropylene Volume Fraction 
Figure 4.11 Tensile strength. 
The largest reduction (-8%) in tensile strength between all groups was 
more visible in group D which contained 0.3% polypropylene fiber. 
Shown in Figure 4.12 is the average tensile strength of hybrid groups which 
contained fixed volume fraction steel fiber and variable volume fraction 
polypropylene versus control and treatment groups which contained only 
variable volume fraction polypropylene fiber. 
The average tensile strength of groups E. F. and G which contained 
1.0% fixed volume fraction steel fiber and 0.1%, 0.2%, and 0.3% variable 
volume fraction polypropylene fiber, was increased by 65, 77 and 73 
percent respectively over the control group. 
vKyy/ty/Z/M'/fi 
Groups 
Figure 4.12 Tensile strength among control and treatment groups. 
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Statistical Analysis 
Flexural strength 
The t-test was used to compare the mean flexural strength values of the 
control group and group A which contained 1.0% steel fiber. The t-test 
result shown in Figure 4.7 indicated that the mean flexural strength of 
group A (mean=805.74) was significantly higher than the control group 
(mean=635.00), t(12) = -8.97, p < 0.00. 
The analysis of variance was used to compare the mean flexural 
strength of the control group and groups B, C, and D which contained 
0.1%, 0.2%, and 0.3% polypropylene fiber. The ANOVA summary 
presented in Table 4.8 indicated that the mean flexural strength among four 
groups are statistically different F (3,24) = 7.37, p < 0.00. 
The ANOVA results utilized to compare the mean flexural strength of 
the control group and hybrid groups as shown in Table 4.9 indicated a 
significant mean difference (F (3,24) = 27.94, p <0.00) among the control 
group and hybrid groups. 
The result of ANOVA on group A which contained steel fiber and 
hybrid groups E, F, and G indicated that the mean flexural strength among 
four groups are significantly different F (3,24) = 11.53, p < 0.00. The 
ANOVA result for these groups is shown in Figure 4.10. 
The ANOVA summary presented in Table 4.11 shows the analysis of 
variance among the mean differences in flexural strength values of groups 
(B, C, and D) which contained variable polypropylene fiber and groups (E, 
F, and G) which contained hybrid fiber. The results indicated significant 
mean differences in flexural strength among the six treatment groups 
F (95,36) - 41.58, p < 0.00. 
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Table 4.7 t-test on flexural strength of control and group A 
Comparison df t P 
C.G and A -8.97 12.00 0.00 
Table 4.8 One-Way Anova on flexural strength of groups B, C, and D 
Source df SS MS F P 
Between gps 3.00 25595.53 8531.85 7.37 0.00 
Within gps 24.00 27771.42 1157.14 
Total 27.00 53366.94 
Table 4.9 One-Way Anova on flexural strength of groups C.G, E, F, and G 
Source df SS MS F P 
Between gps 3.00 345159.82 853115053.27 27.94 0.00 
Within gps 24.00 98842.86 1157.144118.45 
Total 27.00 444002.68 
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Table 4.10 One-Way Anova on flexural strength of groups A, E, F, and G 
Source df SS MS F P 
Between gps 3.00 161428.57 53809.52 11.53 0.00 
Within gps 24.00 111964.29 4665.18 
Total 27.00 273392.86 
Table 4.11 One-Way Anova on flexural strength of groups B, C, D, E, F, 
and G 
Source df SS MS F P 
Between gps 5.00 719114.29 143822.86 41.58 0.00 
Within gps 36.00 124514.29 3458.73 
Total 41.00 843628.57 
Tensile strength 
The t-test was used to compare the mean tensile strength values of the 
control group and group A which contained 1.0% steel fiber. The t-test 
result shown in Table 4.12 indicated that the mean tensile strength of group 
A (mean=504.57) was significantly higher than the control group 
(mean=713.43), t(12) = -29.97, p < 0.00. 
The analysis of variance was used to compare the mean tensile strength 
of the control group and groups B, C, and D which contained 0.1%, 0.2%, 
and 0.3% polypropylene fiber. The ANOVA summary presented in 
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Table 4.13 indicated that the mean tensile strength among the four groups 
are statistically different F (3,24) = 11.54, p < 0.00. 
The ANOVA results utilized to compare the mean tensile strength of 
the control group and hybrid groups as shown in Table 4.14 indicated 
significant mean difference (F (3,24) = 467.01, p <0.00) among the control 
group and hybrid groups. 
The result of ANOVA on group A which contained steel fiber and 
hybrid groups E, F, and G indicated that the mean tensile strength among 
the four groups are significantly different F (3,24) = 79.87, p < 0.00. The 
ANOVA result for these groups is shown in Table 4.15. 
The ANOVA summary presented in Table 4.16 shows the analysis of 
variance among the mean differences in tensile strength values of groups 
(B, C, and D) which contained variable polypropylene fiber and groups 
(E, F, and G) which contained hybrid fiber. The results indicated 
significant mean differences in flexural strength among the six treatment 
group F (95,36) = 734.25, p < 0.00. 
Table 4.12 t-test on tensile strength of control and group A 
Comparison df t P 
C.G and A 12.00 -29.97 0.00 
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Table 4.13 One-Way Anova on tensile strength of groups B, C, and D 
Source df SS MS F P 
Between gps 3.00 6824.68 2274.89 11.54 0.00 
Within gps 24.00 4730.00 197.08 
Total 27.00 11554.68 
Table 4.14 One-Way Anova on tensile strength of groups C.G, E, F, and G 
Source df SS MS F P 
Between gps 3.00 699052.00 233017.62 467.00 0.00 
Within gps 24.00 11974.86 498.95 
Total 27.00 711027.71 
Table 4.15 One-Way Anova on tensile strength of groups A, E, F, and G 
Source df SS MS F P 
Between gps 3.00 135243.00 45081.00 79.86 0.00 
Within gps 24.00 13546.86 564.45 
Total 27.00 148789.86 
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Table 4.16 One-Way Anova on tensile strength of groups B, C, D, E, F, 
and G 
Source df SS MS F P 
Between gps 5.00 1655868.21 331173.64 734.25 0.00 
Within gps 36.00 116237.43 451.04 
Total 41.00 1672105.64 
Testing of Hypotheses 
Research hypothesis 1 
It was hypothesized that there would be no significant difference in the 
flexural strength of the control group, which contained no fiber, when 
compared to samples containing fixed volume fraction steel fiber. 
H®Flexural ' jHcQ = 
The statistical analysis indicated that the difference between mean 
flexural strength of the control group and group A which contained 1.0% 
steel fiber is significant, (t = -8.97, P < 0.00). Based on the statistical result 
this hypothesis was rejected. The flexural strength of group A was 27 
percent higher than the control group. 
Research hypothesis 2 
It was hypothesized that there would be no significant difference in the 
tensile strength of the control group, which contains no fiber, when 
compared to samples containing fixed volume fraction steel fiber. 
f^^Tensile- = jLi/\ 
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The statistical analysis indicated that the difference between mean 
tensile strength of the control group and group A which contained 1.0% 
steel fiber is significant, (t = -29.97, P < 0.00). Based on the statistical 
result this hypothesis was rejected. The tensile strength of group A was 41 
percent higher than the control group. 
Research hypothesis 3 
It was hypothesized that there would be no significant difference in the 
flexural strength of the control group, which contained no fiber, when 
compared to samples containing variable volume fraction polypropylene 
fibers. HOp,^^„„, . = jio 
The statistical analysis showed that the difference in mean flexural 
strength of the control group and groups B, C, and D with polypropylene 
fiber contents of 0.1%, 0.2%, 0.3% was statistically significant 
(F = 7.38,_P < 0.00). On the bases of statistical analysis this hypothesis 
was rejected. The flexural strength of group B was reduced 3.4% due to 
utilization of 0.1% polypropylene fiber. The flexural strength of group C 
which contained 0.2% fiber was also reduced approximately by 13 percent, 
and the flexural strength of group D which contained 0.3% polypropylene 
fiber was reduced by 3%. 
Research hypothesis 4 
It was hypothesized that there would be no significant difference in the 
tensile strength of the control group, which contained no fiber, when 
compared to samples containing variable volume fraction polypropylene 
fiber. Ho Tensile * P-CG = M-S = l^c = 
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The statistical analysis showed that the difference in mean tensile 
strength of control the group and groups B, C, and D with polypropylene 
fiber contents of 0.1%, 0.2%, 0.3% was statistically significant 
(F = 11.54,_P < 0.00). On the bases of statistical analysis this hypothesis 
was rejected. The tensile strength of group B was reduced 6.7% due to 
utilization of 0.1% polypropylene fiber. The tensile strength of group C 
which contained 0.2% fiber was also reduced approximately by 5.3 percent, 
and tensile strength of group D which contained 0.3% polypropylene fiber 
was reduced by 8.2%. 
Research hypothesis 5 
It was hypothesized that there would be no significant difference in the 
flexural strength of the control group, which contained no fiber, when 
compared to samples containing a fixed volume fraction steel and variable 
volume fraction polypropylene fiber hybrid. 
H^Opiexural ' = |J,£ = |Llp = jig 
The statistical analysis indicated that the difference in mean flexural 
strength between the control group and hybrid groups E, F, G which 
contained 1.0% steel fiber and a variable volume fraction of polypropylene 
fiber (0.1%, 0.2%, and 0.3%) was statistically significant 
(F = 27.94, P < 0.00). Based on the statistical analysis this hypothesis was 
rejected. 
The mean flexurai strength of groups which contained hybrid fibers 
were increased by 21, 49, and 18 percent, respectively, over conventional 
(control group) concrete. The largest increase in mean flexural strength 
occurred in group F which contained 1.0% steel fiber and 0.2% 
polypropylene fiber. 
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Research hypothesis 6 
It was hypothesized that there would be no significant difference in the 
tensile strength of the control group, which contained no fiber, when 
compared to samples containing fixed volume fraction steel fiber and 
variable volume fraction polypropylene fiber hybrid. 
HOTcnsile ' = )J.£ = )lF = I^G 
The statistical analysis indicated that the difference in mean tensile 
strength between the control group and hybrid groups E, F, G which 
contained 1.0% steel fiber and a variable volume fraction of polypropylene 
fiber (0.1%, 0.2%, and 0.3%) was statistically significant 
(F = 467.00, P < 0.00). Based on the statistical analysis this hypothesis 
was rejected. 
The mean tensile strength of the groups which contained hybrid fibers 
were increased by 65, 77, and 73 percent respectively over conventional 
(control group) concrete. The largest increase in mean tensile strength 
occurred in group F which contained 1.0% steel fiber and 0.2% 
polypropylene fiber. 
Research hypothesis 7 
It was hypothesized that there would be no significant difference in the 
flexural strength of samples having only steel fiber, when compared to 
samples containing hybrid fiber HOp,,,,„, ; 
The result of the analysis showed that there were significant 
differences among the mean flexural strength of hybrid groups and group A 
which contained only steel fiber (F = 11.53, P < 0.00). Based on the result 
of statistical analysis hypothesis seven was rejected. 
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The mean flexural strength of hybrid groups E and G were lower than 
group A which contained only steel fiber. The flexural strength of hybrid 
group F which contained 1.0% steel fiber and 0.2% polypropylene fiber was 
increased by 17.4% over group A which contained only 1.0% steel fiber. 
Research hvpothesis 8 
It was hypothesized that there would be no significant difference in the 
tensile strength of samples having only steel fiber, when compared to 
samples containing hybrid fiber = = 
The results of the analysis showed that there were significant 
differences among the mean tensile strength of hybrid groups and group A 
which contained only steel fiber (F = 79.85, P < 0.00). Based on the result 
of statistical analysis hypothesis eight was rejected. 
The mean tensile strengths of hybrid groups E and G were higher than 
group A which contained only steel fiber. The tensile strength of hybrid 
group F which contained 1.0% steel fiber and 0.2% polypropylene fiber was 
increased by 25% over group A which contained only 1.0% steel fiber. 
Research hypothesis 9 
It was hypothesized that there would be no significant difference in the 
flexural strength of samples having only polypropylene fibers, when 
compared to samples containing hybrid fiber 
Ho = |ic = no = HE = = HG • The statistical analysis indicated 
that the mean flexural strength of groups which contained variable volume 
fraction polypropylene fiber were significantly different than the mean 
flexural strength of groups which contained hybrid fibers 
(F = 41.58, P < 0.00). Based on the result of the analysis, hypothesis nine 
was rejected. 
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Research hypothesis 10 
It was hypothesized that there would be no significant difference in the 
tensile strength of samples having only polypropylene fiber, when 
compared to samples containing hybrid fibers 
HOTcnsitC |18 = jic = = jlE = HF = HG 
The statistical analysis indicated that the mean tensile strength of 
groups which contained variable volume fraction polypropylene fiber were 
significantly different than the mean tensile strength of groups which 
contained hybrid fibers (F = 734.25, P < 0.00). Based on the result of the 
analysis, hypothesis ten was rejected. 
Scanning Electron Microscopy 
The Scanning Electron Microscope (SEM) and the Energy Dispersive 
Spectrometer (EDS) were utilized to determine interfacial bond between 
concrete matrix and fiber. Figures 4.13 through 4.39 shown on following 
pages provided the necessary information and illustration in regard to fiber 
pullout, crystalline growth on fiber surfaces, chemical and mechanical 
bonding between the fiber and the concrete matrix. 
The energy dispersive spectroscopy and compound analyses were used 
to determine the composition of the matrix and to investigate formation and 
types of crystals on fiber surfaces. 
The energy dispersive spectroscopy analyses verified the chemical 
composition of the concrete composite which is composed of tricalcium 
and dicalcium silicate (3Ca0.Si02 & 2Ca0.Si02), tricalcium aluminate 
(SCaO.AUOj), tetracalcium aluminoferrite (4Ca0.Al203.Fe203), calcium 
sulfate dihydrate (CaSO^.lH^O), magnesia (MgO), and alkalis (K^O). 
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EDS analyses were performed on an aggregate, and the cement matrix. 
Shown in Figure 4.28 is the chemical composition of an aggregate (silica) 
and traces of tricalcium aluminate, bonding the silica sand to the cement 
matrix. EDS analysis of concrete matrix Figure 4.29 illustrate the typical 
oxide composition of the type I portland cement such as silica (SiO^), 
alumina (AWJ, magnesia (MgO), and sulfur trioxide (SO3). EDS analysis 
of concrete matrix Figure 4.30 illistrate the presence of alklis (K^O) and 
ferric oxide (Fe^OJ. 
Shown in Figure 4.39 is the EDS analysis of crystalline growth. The 
chemical composition of these crystals illustrated the presence of tricalcium 
and dicalcium silicate (3Ca0.Si02 & 2Ca0.Si02), tricalcium aluminate 
(3Ca0.Al203), and tetracalcium aluminoferrite (4Ca0.Al203.Fe203). The 
presence of gold (Au) and palladiums in the analysis were due to coating of 
this specimen. 
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Figure 4.13 Structure of polypropylene fiber. 
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Figure 4.14 Axial direction of polypropylene fiber. Extrusion and tear 
marks on fiber surface due to manufacturing process. 
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Figure 4.15 Pitted surface of steel fiber. 
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Figure 4.16 Mechanical bonding of polypropylene fiber in concrete matrix. 
Fiber surface is free from crystalline. 
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Figure 4. 17 Dislodgment of PPF and aggregate due to crack propagation. 
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Figure 4.18 Fiber pullout phenomena in PFRC. 
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Figure 4.19 Rupture face of PFRC from tensile specimen. 
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Figure 4.20 SEM micrograph of coiled polypropylene fiber due to tensile 
stresses. 
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Figure 4.21 Magnified view of polypropylene/steel fiber hybrid composite. 
Shown in Figure 4.21 are random arrangements of steel and 
polypropylene fibers in concrete matrix. EDS analysis of 
the steel fiber surface in the composite is illustrated in 
Figure 4.22 detecting present of steel fiber (highest peak) and 
residues of ferric oxide, silica, and calcium hydroxide. 
512 
Ltiie: 100 
TakeOff: 41.7 
kV: 30.0 
nk 0.000 
F 
e 
o.o 10.230 
SPECO; Flexural-SFRC #4;B653.7a 
Figure 4.22 EDS analysis of steel fiber surface. 
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Figure 4. 23 Parallel spacing of hybrid fiber. Shown in the above SEM 
micrograph is fiber spacing and crack propagation at the base 
and along length of each fiber which resulted in the failure of 
the flexural beam. Steel fiber in foreground has been bent 
due to the flexural load. Strands of polypropylene fiber can 
be seen between two steel fibers. 
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Figure 4.24 Polypropylene fiber pullout due to flexural load. Attachment 
of calcium hydroxide crystals can be view on the fiber surface. 
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Figure 4.25 Rhombohedron shape of calcite crystals in the concrete matrix. 
Figure 4.26 Crystalline growth within a microscopic air bubble in the 
concrete matrix. 
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Figure 4.27 SEM micrograph of the concrete composite and EDS locations 
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Figure 4.28 EDS analysis of silica sand. 
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Figure 4.29 EDS analysis of the cement matrix. 
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Figure 4.30 EDS analysis of the concrete matrix. 
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Figure 4.31 SEM analysis of the tensile specimen, crack propagation 
and fiber separation from the concrete matrix. 
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Figure 4.32 Failure and dislodgment of steel fiber. 
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Figure 4.33 SEM view of EDS location. 
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Figure 4.34 EDS analysis illustrating the presence of silica, aluminum, calcium, and iron. The presence 
of gold (Au) and palladiums (Pd) were due to the coating of the specimen. 
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Figure 4.35 Three dimensional and random arrangement of PPF in the 
concrete matrix. 
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Figure 4.36 Magnified view of fractured conventional concrete. 
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Figure 4.37 Magnified view of crystalline growth in conventional concrete 
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Figure 4. 38 Location of EDS analysis on crystals. 
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Figure 4.39 EDS analysis of crystalline growth. 
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CHAPTER V: SUMMARY, CONCLUSIONS AND 
RECOMMENDATIONS 
Summary 
The purpose of this research was to analyze the flexural and tensile 
strengths of steel and polypropylene fiber hybrid composite. Hooked steel 
fiber with an aspect ratio of 100 and a volume fraction of 1.0% in 
conjunction with collated and fiberlated polypropylene fiber with volume 
fractions of 0.1, 0.2, and 0.3 percent was utilized. The center point loading 
(ASTM C 293) and splitting tensile test (ASTM C 496) methods were used 
to determine flexural and tensile strengths of the concrete composite 
samples. 
The Scanning Electron Microscope (SEM) and the Energy Dispersive 
Spectrometer (EDS) were utilized to evaluate the micro cracks, crack 
arresting properties of the fiber, the interfacial bond between fiber and the 
concrete matrix, and to explore the presence of crystalline growth on the 
fiber surface. 
Conclusions 
The addition of fiber to the concrete improved the composite resistance 
to sudden failure. The ultimate flexural and tensile strengths were obtained 
in the case of specimens that which contained 1.0% steel and 0.2% 
polypropylene fiber hybrid. The analysis of scanning electron micrographs 
illustrated the crack arresting mechanism of fiber in the concrete matrix 
where propagation of micro cracks were deflected by the fiber causing the 
fiber pullout phenomenon. 
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The energy dispersive spectroscopy revealed that there are no chemical 
bonds between the fiber and the concrete matrix. The only bonds existing in 
this environment were of a mechanical nature. 
Research hypothesis 1 
It was hypothesized that there would be no significant difference in the 
flexural strength of the control group, which contained no fiber, when 
compared to samples containing fixed volume fraction steel fiber. 
Conclusion 1 The statistical analysis indicated that the difference 
between mean flexural strength of control group (M-635.00) and group A 
(M=805.71) which contained 1.0% steel fiber is significant. Based on the 
statistical analysis of the results this hypothesis was rejected. The flexural 
strength of group A was 27 percent higher than the control group. 
Research hypothesis 2 
It was hypothesized that there would be no significant difference in the 
tensile strength of the control group, which contained no fiber, when 
compared to samples containing fixed volume fraction steel fiber. 
Conclusion 2 The results of the statistical analysis indicated that the 
difference between mean tensile strength of the control group (M=504.57) 
and group A (M=713.43) which contained 1.0% steel fiber is significant. 
Based on statistical analysis of the results this hypothesis was rejected. 
The tensile strength of group A was 41 percent higher than the control 
group. 
Research hypothesis 3 
It was hypothesized that there would be no significant difference in the 
flexural strength of the control group, which contained no fiber, when 
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compared to samples containing variable volume fraction polypropylene 
fibers. 
Conclusion 3 The results of the statistical analysis showed that the 
difference in mean flexural strength of the control group (M=635.00) and 
groups B (M=613.57), C (M=555.00), and D (M=618.57) with 
polypropylene fiber contents of 0.1%, 0.2%, 0.3% was statistically 
significant. Based on the results of the statistical analysis this hypothesis 
was rejected. The flexural strength of group B was reduced 3.4% due to 
utilization of 0.1% polypropylene fiber. The flexural strength of group C 
which contained 0.2% fiber was also reduced approximately by 13 percent, 
and the flexural strength of group D which contained 0.3% polypropylene 
fiber was reduced by 3%. 
Research hypothesis 4 
It was hypothesized that there would be no significant difference in the 
tensile strength of the control group, which contained no fiber, when 
compared to samples containing variable volume fraction polypropylene 
fiber. 
Conclusion 4 The results of the statistical analysis illustrated that 
the difference in mean tensile strength of the control group (M=504.57) and 
groups B (M=470.71), C (M=478.00), and D (M=463.14) with 
polypropylene fiber contents of 0.1%, 0.2%, 0.3% was statistically 
significant. On the basis of the statistical analysis this hypothesis was 
rejected. The tensile strength of group B was reduced 6.7% due to 
utilization of 0.1% polypropylene fiber. 
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The tensile strength of group C which contained 0.2% fiber was also 
reduced approximately by 5.3 percent, and tensile strength of group D 
which contained 0.3% polypropylene fiber was reduced by 8.2%. 
Research hypothesis 5 
It was hypothesized that there would be no significant difference in the 
flexural strength of the control group, which contained no fiber, when 
compared to samples containing a fixed volume fraction of steel fiber and a 
variable volume fraction of polypropylene fiber hybrid. 
Conclusion 5 The statistical analysis indicated that the difference in 
mean flexural strength between the control group (M=635) and hybrid 
groups E (M=771.43), F (M=945.71), and G (M=751.43) which contained 
1.0% steel fiber and a variable volume fraction of polypropylene fiber 
(0.1%, 0.2%, and 0.3%) was statistically significant. Based on the 
statistical analysis this hypothesis was rejected. 
The mean flexural strength of groups which contained hybrid fiber 
were increased by 21, 49, and 18 percent respectively beyond conventional 
(control group) concrete. The largest increase in mean flexural strength 
occurred in group F which contained 1.0% steel fiber and 0.2% 
polypropylene fiber. 
Research hypothesis 6 
It was hypothesized that there would be no significant difference in the 
tensile strength of the control group, which contained no fiber, when 
compared to samples containing a fixed volume fraction of steel fiber and a 
variable volume fraction of polypropylene fiber hybrid 
Conclusion 6 The statistical analysis indicated that the difference in 
mean tensile strength between the control group (M=504.57) and hybrid 
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groups E (M=833.00), F (M=892.57), and G (M=872.71) which contained 
1.0% steel fiber and a variable volume fraction (0.1%, 0.2%, and 0.3%) of 
polypropylene fiber was statistically significant. Based on the statistical 
analysis this hypothesis was rejected. 
The mean tensile strength the of groups which contained hybrid fiber 
were increased by 65, 77, and 73 percent respectively, beyond conventional 
(control group) concrete. 
The largest increase in mean tensile strength occurred in group F which 
contained 1.0% steel fiber and 0.2% polypropylene fiber. 
Research hypothesis 7 
It was hypothesized that there would be no significant difference in the 
flexural strength of samples having only steel fiber, when compared to 
samples containing hybrid fiber. 
Conclusion 7 The results of the statistical analysis showed that there 
were significant differences among the mean flexural strength of the group 
A (M=805.71) which contained only 1.0% steel fiber and hybrid groups 
E (M=771.43), F (M=945.71), and G (M-751.43) which contained 1.0% 
steel fiber and a variable volume fraction (0.1%, 0.2%, 0.3%) of 
polypropylene fiber. 
Based on the results of the statistical analysis hypothesis seven was 
rejected. The mean flexural strength of hybrid groups E and G were lower 
than group A which contained only steel fiber. The flexural strength of 
Hybrid group F which contained 1.0% steel fiber and 0.2% polypropylene 
fiber was increased by 17.4% beyond group A which contained only 1.0% 
steel fiber. 
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Research hypothesis 8 
It was hypothesized that there would be no significant difference in the 
tensile strength of samples having only steel fiber, when compared to 
samples containing hybrid fiber. 
Conclusion 8 The results of the statistical analysis showed that there 
were significant differences among the mean tensile strength of group A 
(M=713.43) which contained only 1.0% steel fiber and hybrid groups 
E (M=883.00), F (M=892.57), and G (M=872.71) which contained 1.0% 
steel fiber and a variable volume fraction (0.1%, 0.2%, 0.3%) of 
polypropylene fiber. 
Based on the results of the statistical analysis hypothesis eight was 
rejected. The mean tensile strengths of hybrid groups E and G were 
increased by 17 and 22 percent beyond conventional steel fiber reinforced 
concrete. The tensile strength of hybrid group F which contained 1.0% 
steel fiber and 0.2% polypropylene fiber was increased by 25% over 
group A which contained only 1.0% steel fiber. 
Research hvpothesis 9 
It was hypothesized that there would be no significant difference in the 
flexural strength of samples having only polypropylene fiber, when 
compared to samples containing hybrid fiber. 
Conclusion 9 The statistical analysis indicated that the mean 
flexural strength of groups which contained a variable volume fraction of 
polypropylene fiber were significantly lower than the mean flexural 
strength of groups which contained hybrid fiber. Based on the result of the 
statistical analysis hypothesis nine was rejected. 
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The flexural strengths of hybrid groups (E, F, G) were increased by 
26%, 70%, and 21% beyond conventional polypropylene fiber reinforced 
concrete. 
Research hypothesis 10 
It was hypothesized that there would be no significant difference in the 
tensile strength of samples having only polypropylene fiber, when 
compared to samples containing hybrid fiber. 
Conclusion 10 The statistical analysis indicated that the mean 
tensile strength of groups which contained a variable volume fraction of 
polypropylene fiber were significantly lower than the mean tensile strength 
of groups which contained hybrid fiber. Based on the results of the 
statistical analysis, hypothesis ten was rejected. The tensile strengths of 
hybrid groups (E, F, G) were increased by 77%, 87%, and 88% beyond 
conventional polypropylene fiber reinforced concrete. 
Recommendations 
Based on the findings of this investigation, it is recommended that the 
polypropylene/steel fiber hybrid concrete composite be used as a secondary 
reinforcement in areas where high tensile and flexural strength are required 
and in the buildings where seismic forces may be encountered. 
The hybrid fiber composite is well suited for monolithic and elevated 
slabs where flexural and tensile strengths of the structural members are of 
importance. This hybrid composite may also be utilized for the 
construction of airports and highway pavement. 
Manufacturing of highly strong thin tiles, flat and corrugated sheets for 
partition walls and roofing members are also feasible. 
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In summary steel/polypropylene fiber hybrid is a highly useful alliance 
for reinforcement of various structural members. Flexural strength up to 
946 psi and tensile strength up to 893 psi can be obtained using 1.0% steel 
and 0.2% polypropylene fiber hybrid. 
Considerable research is still required in many areas of steel and 
polypropylene fiber hybrid concrete composite. In order to explore the full 
potential of this fiber hybrid cement composite, future research should be 
directed in the following areas: 
1. The effects of increasing polypropylene fiber volume fraction 
beyond 0.3% and steel fiber beyond 1.0%. 
2. The enhancement of a mechanical bond between polypropylene 
fiber and a cement matrix. 
3. The use of a chemical concrete admixture such as silica-fume to 
facilitate crystalline growth on the fiber surface. 
4. The establishment of compressive and fatigue strengths of steel 
and a polypropylene fiber hybrid composite. 
5. The determination of toughness, abrasion resistance, 
drying-shrinkage strain, and creep of steel/polypropylene fiber hybrid. 
6. The establishment of a structural design procedure to consider a 
fiber hybrid composite as a primary reinforcement rather than secondary. 
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